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ABBREVIATIONS 
ACN=anterior commissural nucleus 
AH=anterior hypothalamus 
AON=anterior olfactory nucleus 
aPC=anterior piriform cortex 
Arc=arcuate nucleus 
AV=anteroventral thalamic nucleus 
AVP=vasopressin 
BNST=bed nucleus of the stria terminalis 
BNSTld=dorsolateral bed nucleus of the stria terminalis 
BNSTlp=posterior-lateral bed nucleus of the stria terminalis 
CeC=central part of central amygdala 
CeM=medial part of central amygdala 
DG=dentate gyrus 
ICV=intracerebroventricular 
LH=lateral hypothalamus 
LS=lateral septum 
LSd=dorsal lateral septum 
LSi=intermediate lateral septum 
LSv=ventral lateral septum 
MeA=medial amygdala 
MPN=medial preoptic nucleus 
mPOA=medial preoptic area 
PVN=paraventricular nucleus of the hypothalamus 
SCN=suprachiasmatic nucleus 
SON=supraoptic nucleus 
Stg=stigmoig hypothalamic nucleus 
tLH=tuberal lateral hypothalamus 
V1aR=vasopressin 1a receptor 
V1bR=vasopressin 1b receptor 
V2R=vasopressin 2 receptor 
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ABSTRACT  
 
Sex differences in the regulation of social behavior as well as sex biases in prevalence of 
social disorders such as autism are likely due to sex differences in brain function. An important 
candidate for investigating sex-specific regulation of social behavior is the neuropeptide arginine 
vasopressin (AVP). AVP shows sex differences in synthesis and fiber innervation in the brain, 
regulates a wide variety of social behaviors, and has been implicated in the etiology of autism. 
However, a systematic analysis of potential sex differences in AVP receptors in the brain and 
linking such parameters to sex differences in social behavior is lacking thus far. Therefore, we 
determined whether there are sex differences in AVP V1a receptor (V1aR) in the rat brain. We 
then targeted specific brain regions to determine the functional significance of such sex 
differences. We found that males showed higher V1aR binding densities compared to females in 
6 out of 15 forebrain regions analyzed, including the anteroventral thalamic nucleus, 
hippocampal dentate gyrus, lateral hypothalamus, tuberal lateral hypothalamus, anterior piriform 
cortex, and stigmoid hypothalamic nucleus. Because of hormonal regulation of the AVP system, 
we also analyzed differences in V1aR binding due to estrus phase and maternal experience. 
Since the most robust sex difference in V1aR binding was found in the hippocampal dentate 
gyrus, we targeted this region to study its functional significance. Surprisingly, not only rats 
given an injection with a V1aR antagonist, but also vehicle-treated rats failed to show social and 
object recognition memory. However, social and object investigation times were normal. We 
therefore hypothesize that the specific impairments in memory function are likely the result of 
damage to other hippocampal regions due to the cannula placement. Overall, these findings 
demonstrate that there are significant sex differences in the V1aR in brain regions implicated in 
social behavior. The functional significance of these sex differences remains to be determined. 
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1. INTRODUCTION 
 
1.1 Clinical Relevance 
Social behavior in humans is a core part of everyday life and determines one’s success in 
interpersonal relationships, professional skills and personal well-being. There are several 
psychiatric disorders characterized by social dysfunction, such as autism spectrum disorder and 
schizophrenia (Kanner, 1943; Green et al., 2008; Volkmar et al., 2012). Importantly, there are 
often sex differences in the prevalence, symptom severity, and treatment responses of these 
disorders, but the neurobiological mechanisms underlying these sex differences remain unknown 
(Developmental & Principal Investigators, 2014). For example, there is a limited understanding 
of why autism is more prevalent in boys. Therefore, our aim was to investigate the 
neurobiological mechanisms underlying sex-specific social behavior. 
 
1.2 Vasopressin (AVP) System 
A key candidate in the regulation of social behavior is the neuropeptide arginine 
vasopressin (AVP). AVP is synthesized in the hypothalamus (paraventricular, supraoptic and 
suprachiasmatic nuclei), the bed nucleus of the stria terminalis (BNST) and medial amygdala and 
its fibers project to brain regions including the lateral septum (LS), amygdala, substantia nigra, 
hippocampus and the spinal cord (Buijs, 1978, Dogterom et al., 1978, Caffé & van Leeuwen, 
1983). An important role of AVP is the regulation of water homeostasis through increased water 
absorption (Valentino et al., 2010). Because AVP is highly conserved across species, AVP 
manipulations in rodents can provide valuable information about its actions in humans. There are 
three receptor subtypes for AVP, including the V1a receptor (V1aR), V1b receptor (V1bR), and 
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V2 receptors (V2R). The V1aR is located in the liver, kidney, and vascular smooth muscle 
(Greenberg & Verbalis, 2006). Importantly, V1aR mRNA expression has been found in many 
brain areas including the frontal cortex, hippocampus, hypothalamus, cerebellum, and olfactory 
nucleus (Szot et al., 1994). The V1bR exists in the pituitary gland (Greenberg & Verbalis, 2006). 
Similar to the V1aR, V1bR mRNA is expressed in the hippocampus, cerebral cortex, olfactory 
bulb, hypothalamus and other regions in the brain (Lolait et al., 1995). The location of V2R is 
primarily in the vascular endothelium and smooth muscle and the renal collecting tubules 
(Greenberg & Verbalis, 2006). Since the V1aR primarily resides in the brain, they are the 
receptors of interest when studying the brain effects of AVP on behavior. 
 
1.3 Vasopressin & Social Behavior 
Rodent studies have found that AVP and its receptors play an important role in the 
regulation of social behaviors such as aggression, maternal behavior, partner preference and 
social recognition. During intracerebral microdialysis, AVP release in the LS correlated 
positively, while AVP release in the BNST correlated negatively with intermale aggression 
(Veenema et al., 2010). Related to maternal behavior, rat mothers that were exposed to chronic 
social stress initiated nursing and retrieving of pups more quickly and increased pup-grooming 
behavior after receiving central AVP administration (Coverdill et al., 2012). Central 
administration of AVP caused an increase in contact with a familiar partner in male and female 
prairie voles (Cho et al., 1999). While AVP plays an integral role in modulating the previously 
mentioned social behaviors, its regulation of social recognition is of particular interest in the 
present study. 
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1.3.1 Vasopressin & Social Recognition 
Social recognition is a behavior that can be measured in rodents using a discrimination 
test (Engelmann et al., 2011). This behavior can be studied due to the innate drive in rats to 
investigate the novel over the familiar. A subject shows social recognition memory of a familiar 
animal if it spends more than 50% of its time investigating the novel conspecific when presented 
with both animals simultaneously. This behavior may be sexually dimorphic, since female rats 
have been shown to recognize a familiar conspecific over a longer period of time compared to 
males (Markham et al., 2007; Veenema et al., 2012). Social recognition is modulated by AVP at 
the V1aR in that receptor knockout male mice show impaired social recognition (Bielsky et al., 
2004). Central administration of AVP facilitates social memory in male rats by decreasing 
investigation time of a familiar conspecific after repeated presentations (Le Moal et al., 1987). 
Similarly, systematic administration of AVP reversed impairments in social recognition memory 
caused by social isolation in both male and female rats (Shahar-Gold et al., 2013). AVP injection 
in the LS improves, while V1aR injection disrupts, social recognition memory in male rats 
(Engelmann and Landgraf, 1994).  
Importantly, social recognition is a behavior that reflects the sexual dimorphism of AVP. 
While peripheral injections of AVP facilitated social recognition in both male and female rats, 
V1aR antagonist administration only disrupted social recognition in male rats (Bluthé and 
Dantzer, 1990). AVP injection in the LS improved social memory in female but not male 
juvenile rats in a social discrimination paradigm (Veenema et al., 2012). These sex differences in 
AVP modulation of social recognition in the LS prompted research on sex-specific regulation of 
social recognition by AVP in additional regions important in memory. 
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1.4 Sex Differences in AVP system 
Significantly, research has demonstrated sex differences in the AVP system. AVP 
synthesis and fiber innervation is sexually dimorphic in that male rats have higher AVP synthesis 
in the medial amygdala (MeA) and BNST and denser AVP neuronal fibers in the LS (De Vries et 
al., 1981). V1aR binding density is significantly higher in the LS of females compared to males 
(Veenema et al., 2012). While there is evidence of sex differences in the AVP system across 
species, little is known regarding sex differences in V1aR binding in forebrain regions. 
 
1.5 The Hippocampus & memory 
Due to the role of the hippocampal region in different types of memory, it was a region of 
interest in studying social recognition (Bunsey & Eichenbaum, 1995; Paban et al., 2003). 
Neonatal lesions of the ventral hippocampus resulted in deficits in procedural memory in adult 
rats (Lecourtier et al., 2012). Rats with bilateral dorsal hippocampal lesions showed impaired 
spatial memory when lesions spanned 30-50% of the hippocampus volume (Broadbent et al., 
2004). Since social memory is of interest in this study, it is important to note that ibotenic lesion 
of the ventral hippocampus has been shown to impair social memory in rats (Becker & Grecksch, 
2000). 
 
1.5.1 Vasopressin & the Hippocampus 
Although past studies confirm a role for hippocampal AVP in regulating social memory, 
research has been limited. For example, administration of AVP anti-serum, which reduces the 
amount of bioavailable AVP, in the dorsal and ventral hippocampus of male rats disrupted 
memory of a conspecific in a social recognition paradigm (van Wimersma-Greidanus & Maigret, 
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1996). AVP has been shown to modulate memory consolidation through the hippocampal 
dentate gyrus (DG). AVP injection in the DG of male rats increased passive avoidance behavior, 
which requires the memory of a negative stimulus (Kovacs et al., 1979). In addition, injections of 
colchicine that damaged the DG and hippocampal CA1 region of male rats resulted in a learning 
deficit in an olfactory discrimination task (Marchetti et al., 2008). This past research involves the 
DG directly but fails to address the sex-specific role of AVP in the DG during a social 
discrimination paradigm. The current study aims to uncover the relationship between sex 
differences in V1aR binding and AVP regulation of social recognition behavior. 
 
1.6 Aim of Thesis 
The proposed set of experiments explores the sex differences in V1aR binding density in 
the rat brain and their functional implications on social behavior.  
 
1.6.1 Aim 1: Determine differences in V1aR binding density based on sex, estrus phase and 
maternal experience 
Using V1aR autoradiography, we will determine V1aR binding densities in a variety of 
forebrain regions. In addition to looking at sex differences, it was informative to analyze 
differences among females based on their estrus phase and maternal experience. Increased AVP 
mRNA along with activation of estrogen receptors in the medial preoptic area (mPOA) correlates 
with increased social recognition in female mice (Clipperton-Allen et al., 2012). This study 
implicated a role of estrogen in AVP modulation of social recognition, prompting our 
investigation of V1aR binding densities in females in various stages of the estrus cycle. Since 
AVP administration has been shown to increase maternal behavior in rat mothers, we also 
wanted to investigate potential differences in V1aR binding based on maternal experience 
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(Coverdill et al., 2012). We therefore analyzed V1aR binding in virgin (nulliparous) females and 
females that had previously been pregnant (primiparous). Therefore, the aim of the proposed 
research was to investigate differences in V1aR binding densities due to sex, estrus phase and 
maternal experience.  
Based on previous findings of sex differences in AVP regulation of social behavior, we 
hypothesize that there will be sex differences in V1aR binding densities, likely in areas involved 
in the regulation of social behavior. Since AVP has been shown to regulate social behavior in 
sex-specific ways in the LS, we predict this region will show sex differences in V1aR binding 
(Veenema et al., 2012). When looking at effects in V1aR binding due to estrus phase and 
maternal experience, there will likely be differences in brain regions affected by hormonal 
fluctuations during the estrus cycle or those involved in maternal behavior. The anteroventral 
thalamic nucleus (AV) is hypothesized to show estrus effects since estrogen treatment in 
ovariectomized female rats caused an increase in V1aR mRNA in this region (Kalamatianos et 
al., 2004). Since V1aR binding in the LS has been correlated with grooming of pups, this region 
may show effects due to maternal experience (Curley et al., 2012). 
 
1.6.2 Aim 2: Investigate possible sex-specific effects of V1aR in the DG on social recognition 
memory 
As AVP in the hippocampus has been implicated in social memory, we will investigate 
further the specific role of AVP in the DG. Since we found significant sex differences in V1aR 
binding density in the DG, the aim was to determine whether the regulation of social recognition 
by AVP in the DG also shows sex differences. A social discrimination paradigm will be used as 
a measure of social memory and injections of V1aR antagonist will be administered. The 
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experiment will therefore determine the effect of V1aR on memory for a known stimulus animal 
and will provide new information about possible sex differences in the neural circuits involved in 
social behavior. 
Due to the sex differences in V1aR binding, we also hypothesize that there will be sex-
specific effects of V1aR manipulations on social memory. Since AVP in the DG has been shown 
to affect social memory, this will be the region of interest for these manipulations. 
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2. MATERIALS & METHODS 
 
2.1 Animals and housing conditions 
Subject animals were adult male and female Wistar rats purchased from Charles River 
(Wilmington, MA) and maintained under standard laboratory conditions (12 h light/dark cycle, 
lights off at 14:00 h, 22 °C, 50% humidity, food and water ad libitum). Stimulus animals were 
juvenile rats also purchased from Charles River and housed under the same conditions. Rats 
were sex-matched and housed in groups of 2 (adults) or 4 (juveniles) in standard rat cages (48 x 
27 x 20 cm), unless mentioned otherwise. The experiments were conducted in accordance with 
the guidelines of NIH and approved by Boston College. 
 
2.2 V1aR Autoradiography 
A cryostat was used to cut brains into 16 µm sections that were mounted on glass slides 
and stored at −80 °C. Receptor autoradiography was carried out according to Lukas et al. (2010) 
using a linear V1aR antagonist  [125I]-d(CH2)5Tyr(Me)AAVP (Perkin Elmer, USA) as a tracer. 
After thawing at room temperature, slides were fixed in paraformaldehyde (0.1%). 50 mM Tris 
(pH 7.4) was used to wash the slides before they were exposed for an hour to a tracer buffer (50 
pM tracer, 50 mM Tris, 10 mM MgCl2, 0.01% BSA). Next, the slides were washed four times in 
Tris + 10mMMgCl2, dipped in pure water, and allowed to air dry. Then, slides were exposed to 
Biomax MR films (Kodak), and were developed 3-7 days later. The images were then measured 
for V1aR binding analysis using the program ImageJ (NIH, http://rsb.info.nih.gov/ij/). The 
receptor binding densities in various regions compared to the background was calculated. 
Regions measured included the anterior piriform cortex (aPC), anteroventral thalamic nucleus 
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(AV), arcuate nucleus (Arc), dorsolateral bed nucleus of the stria terminalis (BNSTld), posterior-
lateral bed nucleus of the stria terminalis (BNSTlp), central part of the central amygdala (CeC), 
medial part of the central amygdala (CeM), DG, lateral hypothalamus (LH), dorsal LS (LSd), 
intermediate LS (LSi), and ventral LS (LSv). suprachiasmatic nucleus (SCN), stigmoid 
hypothalamic nucleus (Stg), and tuberal lateral hypothalamus (tLH; images pictured in Fig. 1). 
Averages were calculated for each group. The data was converted to dpm/mg (disintegrations per 
minute/milligram tissue) using a [125I] standard microscale (American Radiolabeled Chemicals 
Inc, St. Louis, MO).  
 
 
aPC 
BNSTld 
LSi 
BNSTlp 
LSv 
Bregma 0.00 mm 
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LSd 
SCN 
CeC 
AV 
tLH 
Bregma -2.16 mm 
Bregma -0.48 mm 
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2.3 Cannulation 
Rats were handled daily for one week prior to cannulation surgery in order to decrease 
anxiety associated with the injection procedure. For surgery, males and females were 
anesthetized with isoflurane (Butler Schein Animal Health, Dublin, OH). Animals were fixed on 
a sterotaxic frame with a tooth bar set at -4.5 mm. Bilateral guide cannulae (6 mm) were 
implanted at a 10 degree angle 2 mm dorsal to the target, which for injections into the DG were 
Fig. 1 Images show the areas measured for V1aR binding for the  
anterior piriform cortex (aPC), dorsolateral part of the bed nucleus of 
the stria terminalis (BNSTld), posterior-lateral part of the bed nucleus 
of the stria terminalis (BNSTlp), intermediate lateral septum (LSi), 
and ventral lateral septum (LSv) at bregma 0.00 mm; dorsal lateral 
septum (LSd) and suprachiasmatic nucleus (SCN) at bregma -0.48 
mm; anteroventral thalamic nucleus (AV), central part of the central 
amygdala (CeC), and tuberal lateral hypothalamus (tLH) at bregma -
2.16 mm; arcuate nucleus (Arc), the four parts of the dentate gyrus 
(DG), medial part of the central amygdala (CeM), lateral 
hypothalamus (LH), and stigmoid hypothalamic nucleus (Stg) at 
bregma -2.28 mm. 
1 2 
3 4 
DG 
Stg 
Arc 
LH 
CeM 
Bregma -2.28 mm 
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3.3 mm caudal to bregma, ±2.2 mm lateral to the midline, and 2.8 mm ventral to the surface of 
the skull (shown in Fig. 2), according to the Paxinos and Watson (2007). Stainless steel screws 
and dental cement were used to anchor the cannulae. Dummy cannulae were used to close the 
cannulae. All animals were single housed immediately post-surgery for the remainder of the 
experiments. After all experiments were finished, histology was performed in order to confirm or 
deny correct placement of the cannulae. Charcoal was injected into cannulae during brain 
removal in order to mark the brain region. Brain slices were stained with thionine and pictures 
were digitized to determine whether the charcoal was located at the correct bregma distance for 
DG injections. 
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2.4 Social Discrimination Test 
Social recognition was studied using the social discrimination test (Engelmann et al., 
1995; Fig. 1). The social discrimination paradigm involves the exposure of the subject in its 
home cage to a same-sex, 26-30 day old juvenile rat for 4 min (trial 1) and, after an interval of 
one hour, wither-exposure to the same (familiar) as well as a novel juvenile rat for 4 min (trial 2). 
An interval of one hour was used between trials since rats typically show intact social memory 
within this time period (see image in Fig. 3). All behavior was videotaped and investigation 
times of the familiar and novel stimulus animals were recorded.  Investigating behaviors were 
analyzed using the computer program JWatcher (http://www.jwatcher.ucla.edu). The following 
behaviors were scored in real-time using preset keys on the keyboard: social investigation of the 
familiar juvenile, social investigation of the novel juvenile, exploration, and other behaviors. 
Social investigation was defined as the time when the subject is actively sniffing the anogenital 
Fig. 2 Images showing the correct cannula placement at 3.3 mm 
caudal to bregma, ±2.2 mm lateral to the midline, and 2.8 mm 
ventral to the surface of the skull in the dentate gyrus. Images 
from the Rat Brain Atlas and the charcoal histology. 
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area, back, neck or face of the stimulus animal. Exploration consists of non-social engagement 
with the environment. Other behaviors include kicking, digging and self-grooming. Trial 2 
videos (exposure to two stimulus animals) were scored before Trial 1 videos (exposure to one 
stimulus animal) so that the experimenter was blind to which stimulus animal was familiar and 
which was novel. This was made visible to the experimenter after scoring since stimulus animals 
were marked with different colors. The percentage of time investigating the novel rat (time 
investigating novel rat/(time investigating familiar+novel rat)x100) was determined. When the 
average percentage of time spent investigating the novel rat was significantly different from 
chance level (50%), then the subjects showed social discrimination. Total investigation time of 
both novel and familiar rats was measured to make sure that treatments did not interfere with 
normal investigating behavior. 
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2.5 Object Recognition Test 
The object recognition test was used as a control procedure to determine whether the 
manipulation effects were specific to social memory. This test was carried out according to 
Jablonski et al. (2013) with some slight modifications. The paradigm involved the exposure of a 
subject to two identical stimulus objects in a novel arena or novel cage for a period of 5 min. 
After a delay of one hour, the animal was again exposed to one of the previous objects, while the 
Fig. 3 The social discrimination paradigm involves the exposure of the subject in its home 
cage to a same-sex, 26-30 day old juvenile rat for 4 min (trial 1) and, after an interval of one 
hour, wither-exposure to the same (familiar) as well as a novel juvenile rat for 4 min (trial 2). 
An interval of one hour was used between trials since rats typically show intact social 
memory within this time period. 
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other object had been replaced by a new one. The second exposure also lasted 5 min and both 
exposures were video recorded. Investigating behaviors in which the subject directly sniffed, 
pawed or made snout contact with the object were analyzed using JWatcher. Similar to the social 
discrimination procedure, the percentage of time investigating the novel object (time 
investigating novel object/(time investigating familiar+novel object)x100) was determined. 
When the average percentage of time spent investigating the novel object was significantly 
different from chance level (50%), then the subjects showed object recognition. In males, the 
object recognition test took place in an open arena to which the animals had been acclimated 24 
hours before. Their home cages were placed in the arena room the night before the test. In 
females, object recognition took place in a novel cage to which they had been acclimated five 
minutes prior to object exposure. The setting for object recognition was different in males and 
females because the arena setting used for males proved to be too disruptive. It is a shortcoming 
of the experiment that males and females cannot necessarily be compared to one another for 
object recognition due to the differences in context. 
 
2.6 Experimental Procedure 
2.6.1 Experiment 1: V1aR binding density in forebrain regions 
In order to investigate potential sex differences in V1aR binding densities in the rat brain, 
a group of females (n=28) and males (n=12) was used for this procedure. Some of the females 
were mated (primiparous; n=16) and the remaining females were virgins (nulliparous; n=12) to 
test the effect of maternal experience on V1aR binding densities. For mating, an adult male 
(taken from a separate set of males) was put into a cage with 2 females for 5 days. During the 
last five days of pregnancy until weaning the females were singly housed. Brains of all subjects 
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were removed and processed for V1aR autoradiography eight weeks after pups were weaned 
from the primiparous females. Vaginal smears were taken prior to brain removal to determine 
estrus phase. Vaginal smears were performed using a pipette and distilled water to transfer a 
sample of vaginal secretions onto a glass slide. The slide was examined under a microscope and 
estrus cycle phase was determined based on cell characteristics described in Goldman et al. 
(2007). Females in estrus or proestrus phase were placed in the “estrus” group (n=13), while 
those in diestrus and metestrus phases were considered “non-estrus” (n=15). 
 
 
2.6.2 Experiment 2: V1aR manipulation in the DG during social and object recognition  
A different set of males and females were used to test the effect of V1aR manipulations 
in the DG on social and object recognition. Subject animals were exposed to the social and the 
object recognition tests 3-7 days after surgery. In order to investigate the effects of a V1aR 
antagonist on memory consolidation, injections were administered immediately following the 
first exposure to the juvenile (trial 1 in the social discrimination test) or two identical objects 
(trial 1 in the object recognition test). An injector cannula connected through polyethylene tubing 
and attached to a Hamilton syringe was used to deliver injections into the DG.  
Male and female subject animals received either a vehicle injection of Ringer’s solution 
(males n=4; females n=4) or a V1aR antagonist injection (males n=7; females n=7) into the DG. 
The same subject animals were tested with the object recognition memory task the following 
day.  
 
 
 
22 
2.7 Statistical Analysis 
For V1aR binding density, one-way ANOVA’s were used to determine effects of sex, 
maternal experience, and estrus phase. A one-sample t-test was used to determine whether the 
time spent investigating the novel rat or object differed from chance level (50%). A two-way 
ANOVA (sex x treatment) was used to determine percentage novel investigation. The SPSS 
software (PASW Statistics 18) was used for all statistical analyses and p<0.05 was the 
significance level. 
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3. RESULTS 
 
  
3.1 Experiment 1 
Males showed significantly higher V1aR binding densities compared to females in 6 out 
of 15 forebrain regions analyzed, including the AV (F(1,36)=13.05, p=0.001), DG (F(1,32)=49.18, 
p<0.001), LH (F(1,38)=5.47, p<0.05), tLH (F(1,35)=9.38, p<0.05), aPC (F(1,33)=33.66, p<0.001) and 
Stg (F(1,32)=9.65, p<0.05; Fig. 4; representative images shown in Fig. 5). One of the most 
significant sex differences in V1aR binding densities was found in the DG region. The forebrain 
areas that did not to show sex differences in V1aR binding are shown in Table 1. 
 
 
0	  5000	  
10000	  15000	  
20000	  25000	  
30000	  35000	  
40000	  
BNSTld	   CeC	   LH	   tLH	   Stg	   LSi	   LSv	   LSd	  
d
p
m
/m
g	  
ti
ss
u
e	  
Males	  Females	  
* ** ** 
24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0	  
5000	  
10000	  
15000	  
20000	  
25000	  
AV	   Arc	   BNSTlp	   CeM	   DG	   aPC	   SCN	  
d
p
m
/m
g	  
ti
ss
u
e	   ** 
*** *** 
Fig 4. V1aR binding densities in forebrain regions of male and female rats. Males 
showed significantly higher V1aR binding density than females in 6 out of 15 
forebrain regions analyzed. Bars show means + SEM. *=p<0.05, **=p<0.01, 
***=p<0.001, one-way ANOVA. Areas shown include dorsolateral part of the bed 
nucleus of the stria terminalis (BNSTld), central part of the central amygdala (CeC), 
lateral hypothalamus (LH), tuberal lateral hypothalamus (tLH), stigmoid 
hypothalamic nucleus (Stg), intermediate lateral septum (LSi), ventral lateral septum 
(LSv), dorsal lateral septum (LSd); anteroventral thalamic nucleus (AV), arcuate 
nucleus (Arc), posterior-lateral part of the bed nucleus of the stria terminalis 
(BNSTlp), medial part of the central amygdala (CeM), dentate gyrus (DG), anterior 
piriform cortex (aPC), and suprachiasmatic nucleus (SCN). 
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V1aR binding densities Males Females Sex effect 
Arcuate nucleus (Arc) 17963 ±  726 16813 ± 625 F=1.184, p=0.28 
BNST dorsolateral (BNSTld) 28167 ±  1247 25804 ± 744 F=2.831, p=0.10 
BNST posterior-lateral (BNSTlp) 13709 ±  513 12537 ± 524 F=1.842, p=0.18 
Central-central amygdala (CeC) 37096 ± 1060 35776 ± 491 F=1.677, p=0.20 
Medial-central amygdala (CeM) 15404 ±  300 15023 ± 349 F=.458, p=0.50 
Suprachiasmatic nucleus (SCN) 18120 ±  784 20865 ± 1182 F=2.903, p=0.10 
LS intermediate (LSi) 35091±1236 32143±860 F=3.932, p=0.06 
LS ventral (LSv) 24794±1565 23805±689 F=.458, p=0.50 
LS dorsal (LSd) 25713±775 23684±622 F=3.432, p=0.07 
 
 
 
 
 
When looking at estrus phase effects in these 15 forebrain regions analyzed, estrus 
females showed higher V1aR binding densities than non-estrus females in the aPC (F(1,22)=5.05, 
p<0.05). In contrast, V1aR binding densities were higher in non-estrus females in the CeM 
(F(1,25)=5.47, p<0.05) when compared to estrus females (Fig. 6). 
 
 
Fig 5. V1aR binding densities in male and female rats. Males showed significantly higher 
binding densities than females in the anterior piriform cortex (aPC); anteroventral thalamic 
nucleus (AV); dentate gyrus (DG) and tuberal lateral hypothalamus (tLH);  
lateral hypothalamus (LH), and stigmoid hypothalamic nucleus (Stg). 
 
Table 1. Forebrain regions of male and female rats in which there was no significant sex difference 
found in  V1aR binding densities (dpm/mg tissue). Data represent means ± SEM. 
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When comparing primiparous and nulliparous females, maternally experienced (primiparous) 
females showed higher V1aR binding densities than virgin (nulliparous) females in the LSi 
(F(1,19)=6.25, p<0.05; Fig. 7). 
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Fig 6. Effects of estrus phase on V1aR binding densities. Estrus female 
rats showed higher V1aR binding density in the anterior piriform 
cortex (aPC) but lower V1aR binding density in the medial part of the 
central amygdala (CeM). Bars show means + SEM. *=p<0.05, one-
way ANOVA. 
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3.2 Experiment 2 
 
 
3.2.1 Social Discrimination 
 
Unexpectedly, t-tests against 50% revealed that both vehicle-treated males (t=-1.67, 
p=0.19) and vehicle-treated females (t=0.79, p=0.49) failed to show social discrimination (Fig. 
5). In addition, males that were given the V1aR antagonist also failed to discriminate between 
the novel and familiar stimulus animals (t=0.26, p=0.80; Fig. 8). Surprisingly, females treated 
with the V1aR antagonist actually investigated the novel stimulus animals more than predicted 
by chance (t=2.68, p<0.05; Fig. 8). For social investigation, there was a main effect for sex in 
that males investigated stimulus animals for 65.75±6.28 s and females investigated stimulus 
animals for 37.26±5.39 s based on a one-way ANOVA. These investigation times and the 
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Fig 7. Maternally experienced (primiparous) females showed higher 
V1aR binding densities in the intermediate lateral septum (LSi) than 
virgin (nulliparous) female rats. Bars show means + SEM. *=p<0.05, 
one-way ANOVA. 
* 
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presence of a sex difference in social investigation are typical for rats (Veenema et al., 2012). No 
main effects of treatment were found. 
 
 
 
 
 
 
 
 
 
 
3.2.2 Object Recognition 
 
Males treated with vehicle (t=0.42, p=0.70) and V1aR antagonist (t=0.90, p=0.40) failed 
to discriminate between novel and familiar objects (Fig. 9). However, there was a trend in which 
females treated with vehicle (t=2.56, p=0.08) and V1aR antagonist (t=2.14, p=0.08) investigated 
the novel object more than chance (Fig. 9). No main effect for sex or treatment was found. 
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Fig 8. Effect of V1aR blockade in the DG on social recognition of 
male and female rats. There was no treatment or sex effect on 
percentage time spent investigating the novel stimulus rat. 
*=p<0.05, one-sample t-test. 
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Fig 9. Time spent investigating the novel stimulus object for male 
and female rats in the object recognition paradigm. #=p=0.08, 
one-sample t-test. 
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4. DISCUSSION 
 
 Our results reveal that female rats show significantly lower V1aR binding density than 
male rats in several forebrain regions. In detail, sex differences in V1aR binding density were 
found in the AV, DG, LH, tLH, aPC, and Stg. Moreover, V1aR binding density was influenced 
in only a few brain regions by estrus (higher in aPC, lower in CeM) and maternal experience 
(LSi). To study the behavioral significance of sex differences in V1aR binding density, we 
targeted the DG and investigated whether the V1aR in this area plays a role in sex-specific 
regulation of social recognition memory. Unfortunately, vehicle males and females failed to 
show social recognition memory as well as object recognition memory, making it difficult to 
draw any conclusions about the role of the V1aR in the DG. 
 
4.1 Sex differences in V1aR binding 
We found sex differences in V1aR binding in that males had higher V1aR binding 
densities than females in the AV, DG, LH, tLH, aPC and Stg. We hypothesized that the LS and 
MeA would show sex differences in V1aR binding density due to past research and the sex 
differences in AVP fiber innervation (De Vries et al., 1981; Veenema et al., 2012). While we did 
not find sex differences in these regions, our findings confirm past research on sex differences in 
AVP binding in the hypothalamsus. For example, research with golden hamsters found that AVP 
receptor binding density was higher in males than females in the ventrolateral hypothalamus 
(Delville & Ferris, 1995). This information may not be indicative of the mechanisms involved in 
V1aR binding density in the rat however, due to species differences. 
Although the mechanisms responsible for these sex differences in V1aR binding remains 
largely unknown, past studies have investigated this question. Gonadal hormones do not seem to 
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play a role in V1aR binding since neither castration nor testosterone treatment altered AVP 
binding in male and female rats (Tribollet et al., 1990). However, glucocorticoid levels may play 
a role in V1aR binding density because adrenalectomy decreased V1aR density in the 
dorsolateral septum and BNST in male rats (Watters et al., 1996). Sex differences in V1aR 
binding may reflect increased activity of the AVP system of males in certain brain areas. This 
increased AVP activity may be due to higher AVP synthesis in the MeA and BNST of males in 
addition to denser AVP neuronal fibers in the LS compared to females (De Vries et al., 1981). 
Therefore, higher AVP fiber density in addition to higher V1aR binding could be responsible for 
sex differences in AVP activity in certain brain regions.  
 
 
4.2 Estrus phase differences in V1aR binding 
When looking at estrus phase effects in these 15 forebrain regions analyzed, estrus 
females showed higher V1aR binding densities in the aPC and lower V1aR binding densities in 
the CeM when compared to non-estrus females. Therefore, we did not find an effect due to estrus 
in the AV as we had hypothesized. The aPC receives projections from the anterior olfactory 
nucleus (AON), which contains AVP neurons and V1Rs that are activated during social odor 
exposure (Wacker et al., 2010). AVP release and receptor activation in the central amygdala has 
been shown to promote maternal aggression in female rats during the stressful defense test 
(Bosch & Neumann, 2010). Neither AVP nor V1aR binding in these regions have been directly 
related to estrogen levels, however. There is limited research on the significance of estrus phase 
in relation to V1aR binding in general. A study with female Syrian hamsters showed no 
significant changes in V1aR binding densities in the LS, BNST, medial preoptic nucleus (MPN), 
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mPOA, anterior hypothalamus (AH), LH, CeA and SCN across the estrous cycle (Caldwell & 
Albers, 2004).  
Studies looking at the levels of AVP in certain regions during the estrus cycle have 
yielded varying results. Estradiol administration in ovariectomized female rats increased AVP 
immunoreactive material in the PVN and SON (Grassi et al., 2010). Another study found that the 
concentration of AVP in the PVN was significantly decreased in female rats in estrus compared 
to those in other phases of the cycle (Greer et al., 1986). There was a similar trend in AVP 
concentration in the SON in that estrus females showed lower levels than females in the other 
stages (Greer et al., 1986). On the other hand, a conflicting study found no variation in AVP 
mRNA levels in the SON of female rats throughout the estrus cycle (Van Tol et al., 1988). In 
addition, there were no differences in AVP concentration across the estrus cycle in the anterior 
commissural nucleus (ACN) and the SCN (Greer et al., 1986). Therefore, the significance of the 
estrus phase effects in V1aR binding density is difficult to determine, but it may be regulated by 
fluctuating hormonal levels.  
 
 
 
4.3 Effect of maternal experience on V1aR binding 
Our hypothesis was correct in that maternally experienced females had higher V1aR 
binding density than primiparous females in the LSi. This finding is likely related to hormonal 
changes during pregnancy, which proved to produce long-lasting changes in V1aR binding in 
this study. Research on the long-lasting changes in the AVP system of females due to maternal 
experience is lacking. However, there are many past studies that confirm the acute involvement 
of AVP in the LS in maternal behavior. A study that investigated anxiety and maternal behavior 
in female F2 hybrid mice found that V1aR binding in the dorsal lateral septum was correlated 
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positively with the frequency of nursing on postnatal day 1 (Curley et al., 2012). In the same 
study, V1aR binding in the ventral LS was correlated positively with the licking and grooming of 
pups during the first week postpartum. The AVP release in rats in late pregnancy was greater 
than that in nulliparous females in ventral and mediolateral septum (Landgraf et al., 1991).  
Other brain regions have also been implicated in maternal behavior. In female golden 
hamsters, lactation was correlated with increased AVP receptor binding density in the 
dorsomedial hypothalamic nucleus (Delville et al., 1995). V1aR binding density of female prairie 
voles in late pregnancy was higher than that of nulliparous females in the PVN (Ophir et al., 
2013). In addition, newly pregnant female prairie voles had higher V1aR binding density than 
nulliparous females in the ventral pallidum (Ophir et al., 2013). Therefore, the findings of the 
current study correlate strongly with past research regarding the relationship between maternal 
experience and V1aR binding. 
 
 
4.4 V1aR manipulations & social recognition 
Our findings indicated that only females treated with V1aR antagonist showed social 
recognition, while vehicle females and males of both groups did not. Adult rats have a tendency 
to investigate a novel stimulus animal more than a familiar conspecific in the social 
discrimination paradigm (Engelmann et al., 1995). Therefore, vehicle rats should display social 
recognition memory and spend more time investigating the novel conspecific. Because total 
social investigation times were normal and even showed the expected sex difference in all 
subjects, this suggests that the results were due to a memory deficit. There is no clear reason for 
the interrupted social memory in the vehicle animals, although the cannula placement presents a 
potential issue. In order to target the DG, cannulas were aimed at an angle that passed through 
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other regions of the hippocampus. The placement of cannulas could have therefore caused 
substantial damage to dorsal parts of the hippocampus that play an important role in memory. 
Neurotoxic lesions of the entire hippocampus in rats caused impairment in long-term memory for 
food odor association (Bunsey & Eichenbaum, 1995). The hippocampus also plays a role in 
social behavior and social anxiety. Neonatal ibotenic acid lesions of the ventral hippocampus in 
rats caused them to experience social interaction deficits and anxious behaviors (Sams-Dodd et 
al., 1997). Therefore, the placement of cannulas in this study could have caused substantial 
hippocampal damage and interrupted the social memory in vehicle animals. 
Based on the role of AVP in facilitating social recognition memory, a V1aR antagonist 
injection in the DG should eliminate social recognition. Possible hippocampal damage could 
have also affected our findings in rats treated with a V1aR antagonist. A study in mice 
demonstrated that the positive effects of AVP ICV injection on the memory retrieval process was 
blocked by a bilateral lesion of the dorsal hippocampus (Alescio-Lautier & Soumireu-Mourat, 
1998). When AVP was injected subcutaneously, centrally, and directly into the dorsal 
hippocampus, it facilitated spatial memory consolidation in mice learning the Hebb-Williams 
maze (Paban et al., 2003). Therefore, V1aR administration in the hippocampus would likely 
block memory. In the current study, there is no clear reason why V1aR antagonist administration 
facilitated social recognition in females but not males. These results do not confirm past research 
findings.  
 
  
4.5 V1aR manipulations & object recognition 
 Vehicle animals failed to show memory for familiar objects in the object recognition 
paradigm. This was likely due also to the hippocampal damage caused by the cannula placement. 
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When tested on an object recognition task, rats that received bilateral hippocampal lesions up to 
four weeks later showed impaired memory and no preference for the novel object (Broadbent et 
al., 2010). When neurogenesis in the DG of male rats was blocked, they showed impaired spatial 
memory in the water maze task and impaired object recognition memory (Jessberger et al., 
2009). Since the hippocampus and the DG in particular play an integral role in memory for 
objects, damage caused by surgery would eliminate this memory in subjects. 
 
4.6 Conclusion 
There were significant sex differences in V1aR binding density in the AV, DG, LH, tLH, 
aPC, Stg in that males had higher binding densities than females. Similar sex-specific effects 
have been found in other rodent species and are likely related to glucocorticoid levels or the 
sexual dimorphism of AVP fiber innervation. Looking at the effects of estrus phase, estrus 
females showed higher V1aR binding densities in the aPC and lower V1aR binding densities in 
the CeM compared to non-estrus females. These differences in V1aR binding density may be due 
to hormonal changes during estrus phase, although research on the effect of estrus phase is 
limited. When comparing primiparous and nulliparous females, maternally experienced females 
showed higher V1aR binding densities than virgin females in the LSi. Past research has 
confirmed that AVP in the LS plays an important role in maternal behaviors. 
When manipulating AVP in the DG, vehicle males and females failed to show social 
recognition memory and therefore few conclusions could be drawn about the role of AVP in 
social recognition. Similar results were found in the object recognition paradigm in that males 
and females of both conditions failed to show object memory. The experiment likely yielded 
these results due to hippocampal damage caused by cannula placement. Although results were 
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unexpected, the study confirmed the role of the hippocampus in regulating social and object 
recognition memory and implicated brain regions that could be involved in sex-specific 
modulation of social behavior.  
This study revealed sex differences in V1aR binding density in certain brain regions 
including the DG and aimed to determine the sex-specific role of AVP in social recognition. Due 
to the conservation of the peptide AVP across species, this sexual dimorphism in AVP binding 
may be present in humans and could help explain social behavior. Therefore, additional research 
is necessary to uncover the specific role of these regions in the regulation of social memory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
37 
6. REFERENCES 
 
Alescio-Lautier, B., & Soumireu-Mourat, B. (1999). Role of vasopressin in 
learning and memory in the hippocampus. Progress in brain research, 119, 
501-521.  
Becker, A., & Grecksch, G. (2000). Social memory is impaired in neonatally 
ibotenic acid lesioned rats. Behavioural brain research, 109(1), 137-140. 
Bielsky, I. F., Hu, S. B., Szegda, K. L., Westphal, H., & Young, L. J. (2004). 
Profound impairment in social recognition and reduction in anxiety-like 
behavior in vasopressin V1a receptor knockout mice. Neuropsychopharmacology, 29(3), 
483-493. 
Bluthé, R.M., & Dantzer, R. (1990). Social recognition does not involve 
vasopressinergic neurotransmission in female rats. Brain research, 535(2), 
301-304. 
Bosch, O. J., & Neumann, I. D. (2012). Both oxytocin and vasopressin are 
mediators of maternal care and aggression in rodents: from central release to sites of 
action. Hormones and behavior, 61(3), 293-303. 
Buijs, R. M., De Vries, G. J., Van Leeuwen, F. W., & Swaab, D. F. (1983). 
Vasopressin and oxytocin: distribution and putative functions in the brain. The 
neurohypophysis: Structure, function and control. Progress in brain research, 60. 
Broadbent, N. J., Gaskin, S., Squire, L. R., & Clark, R. E. (2010). Object 
recognition memory and the rodent hippocampus. Learning & Memory, 17(1), 5-11. 
Broadbent, N. J., Squire, L. R., & Clark, R. E. (2004). Spatial memory, 
recognition memory, and the hippocampus. Proceedings of the National 
38 
Academy of Sciences of the United States of America, 101(40), 14515-14520. 
Bunsey, M., & Eichenbaum, H. (1995). Selective damage to the hippocampal 
region blocks long-term retention of a natural and nonspatial stimulus-stimulus 
association. Hippocampus, 5(6), 546-556. 
Caffe, A. R., & Van Leeuwen, F. W. (1983). Vasopressin-immunoreactive cells in 
the dorsomedial hypothalamic region, medial amygdaloid nucleus and locus coeruleus of 
the rat. Cell and tissue research, 233(1), 23-33. 
Caldwell, H. K., & Albers, H. E. (2004). Photoperiodic regulation of vasopressin 
receptor binding in female Syrian hamsters. Brain research, 1002(1), 136-141. 
Cho, M. M., DeVries, A. C., Williams, J. R., & Carter, C. S. (1999). The effects of 
oxytocin and vasopressin on partner preferences in male and female prairie voles (< em> 
Microtus ochrogaster</em>). Behavioral neuroscience, 113(5), 1071. 
Clipperton-Allen, A. E., Lee, A. W., Reyes, A., Devidze, N., Phan, A., Pfaff, D. 
W., & Choleris, E. (2012). Oxytocin, vasopressin and estrogen receptor gene expression 
in relation to social recognition in female mice. Physiology & behavior, 105(4), 915-924. 
Coverdill, A. J., McCarthy, M., Bridges, R. S., & Nephew, B. C. (2012). Effects of 
Chronic Central Arginine Vasopressin (AVP) on Maternal Behavior in Chronically 
Stressed Rat Dams. Brain sciences, 2(4), 589-604. 
Curley, J. P., Jensen, C. L., Franks, B., & Champagne, F. A. (2012). Variation in 
maternal and anxiety-like behavior associated with discrete patterns of oxytocin and 
vasopressin 1a receptor density in the lateral septum. Hormones and behavior, 61(3), 
454-461. 
Delville, Y., & Ferris, C. F. (1995). Sexual differences in vasopressin receptor 
39 
binding within the ventrolateral hypothalamus in golden hamsters. Brain research, 
681(1), 91-96. 
Developmental, D. M. N. S. Y., & 2010 Principal Investigators. (2014). 
Prevalence of autism spectrum disorder among children aged 8 years-autism and 
developmental disabilities monitoring network, 11 sites, United States, 2010. Morbidity 
and mortality weekly report. Surveillance summaries (Washington, DC: 2002), 63, 1. 
De Vries, G. J., Buds, R. M., & Swaab, D. F. (1981). Ontogeny of the 
vasopressinergic neurons of the suprachiasmatic nucleus and their extrahypothalamic 
projections in the rat brain—presence of a sex difference in the lateral septum. Brain 
research, 218(1), 67-78. 
De Vries, G. J., & Panzica, G. C. (2006). Sexual differentiation of central 
vasopressin and vasotocin systems in vertebrates: different mechanisms, similar 
endpoints. Neuroscience, 138(3), 947-955. 
Dogterom, J., Snijdewint, F. G. M., & Buijs, R. M. (1978). The distribution of 
vasopressin and oxytocin in the rat brain. Neuroscience letters, 9(4), 341-346. 
Engelmann, M., Hädicke, J., & Noack, J. (2011). Testing declarative memory in 
laboratory rats and mice using the nonconditioned social discrimination procedure. 
Nature protocols, 6(8), 1152-1162. 
Engelmann, M., & Landgraf, R. (1994). Microdialysis administration of 
vasopressin into the septum improves social recognition in Brattleboro rats. Physiology & 
behavior, 55(1), 145-149. 
Engelmann, M., Wotjak, C. T., & Landgraf, R. (1995). Social discrimination 
procedure: an alternative method to investigate juvenile recognition abilities in rats. 
40 
Physiology & behavior, 58(2), 315-321. 
Goldman, J. M., Murr, A. S., & Cooper, R. L. (2007). The rodent estrous cycle: 
characterization of vaginal cytology and its utility in toxicological studies. Birth Defects 
Research Part B: Developmental and Reproductive Toxicology, 80(2), 84-97. 
Grassi, D., Amorim, M. A., Garcia-Segura, L. M., & Panzica, G. (2010). Estrogen 
receptor α is involved in the estrogenic regulation of arginine vasopressin 
immunoreactivity in the supraoptic and paraventricular nuclei of ovariectomized rats. 
Neuroscience letters, 474(3), 135-139. 
Greenberg, A., & Verbalis, J. G. (2006). Vasopressin receptor antagonists. 
Kidney international, 69(12), 2124-2130. 
Green, M. F., Penn, D. L., Bentall, R., Carpenter, W. T., Gaebel, W., Gur, R. C., 
... & Heinssen, R. (2008). Social cognition in schizophrenia: an NIMH workshop on 
definitions, assessment, and research opportunities. Schizophrenia bulletin, 34(6), 1211-
1220. 
Greer, E., Caldwell, J. D., Johnson, M. F., Prange Jr, A. J., & Pedersen, C. A. 
(1986). Variations in concentration of oxytocin and vasopressin in the paraventricular 
nucleus of the hypothalamus during the estrous cycle in rats. Life sciences, 38(25), 2311-
2318. 
Jablonski, S. A., Schreiber, W. B., Westbrook, S. R., Brennan, L. E., & Stanton, 
M. E. (2013). Determinants of novel object and location recognition during development. 
Behavioural brain research, 256, 140-150. 
Jessberger, S., Clark, R. E., Broadbent, N. J., Clemenson, G. D., Consiglio, A., 
Lie, D. C., ... & Gage, F. H. (2009). Dentate gyrus-specific knockdown of adult 
41 
neurogenesis impairs spatial and object recognition memory in adult rats. Learning & 
Memory, 16(2), 147-154. 
Kalamatianos, T., Kallo, I., Goubillon, M. L., & Coen, C. W. (2004). Cellular 
expression of V1a vasopressin receptor mRNA in the female rat preoptic area: effects of 
oestrogen. Journal of neuroendocrinology, 16(6), 525-533. 
Kanner, L. (1943). Autistic disturbances of affective contact. Nervous child, 2(3), 
217-250. 
Kovács, G. L., Bohus, B., Versteeg, D. H., Ronald De Kloet, E., & De Wied, D. 
(1979). Effect of oxytocin and vasopressin on memory consolidation: sites of action and 
catecholaminergic correlates after local microinjection into limbic-midbrain structures. 
Brain Research, 175(2), 303-314. 
Landgraf, R., Neumann, I., & Pittman, Q. J. (1991). Septal and hippocampal 
release of vasopressin and oxytocin during late pregnancy and parturition in the rat. 
Neuroendocrinology, 54(4), 378-383. 
Lecourtier, L., Antal, M. C., Cosquer, B., Schumacher, A., Samama, B., Angst, M. 
J., ... & Nehlig, A. (2012). Intact neurobehavioral development and dramatic impairments 
of procedural-like memory following neonatal ventral hippocampal lesion in rats. 
Neuroscience, 207, 110-123. 
Le Moal, M., Dantzer, R., Michaud, B., & Koob, G. F. (1987). Centrally injected 
arginine vasopressin (AVP) facilitates social memory in rats. Neuroscience letters, 77(3), 
353-359. 
Lolait, S. J., O'Carroll, A. M., Mahan, L. C., Felder, C. C., Button, D. C., Young, 
W. S., ... & Brownstein, M. J. (1995). Extrapituitary expression of the rat V1b 
42 
vasopressin receptor gene. Proceedings of the National Academy of Sciences, 92(15), 
6783-6787. 
Lukas, M., Bredewold, R., Neumann, I. D., & Veenema, A. H. (2010). Maternal 
separation interferes with developmental changes in brain vasopressin and oxytocin 
receptor binding in male rats. Neuropharmacology, 58(1), 78-87. 
Marchetti, E., Jacquet, M., Jeltsch, H., Migliorati, M., Nivet, E., Cassel, J. C., & 
Roman, F. S. (2008). Complete recovery of olfactory associative learning by activation of 
5-HT< sub> 4</sub> receptors after dentate granule cell damage in rats. Neurobiology of 
learning and memory, 90(1), 185-191. 
Markham, J. A., & Juraska, J. M. (2007). Social recognition memory: influence of 
age, sex, and ovarian hormonal status. Physiology & behavior, 92(5), 881-888. 
Ophir, A. G., Sorochman, G., Evans, B. L., & Prounis, G. S. (2013). Stability and 
Dynamics of Forebrain Vasopressin Receptor and Oxytocin Receptor During Pregnancy 
in Prairie Voles. Journal of neuroendocrinology, 25(8), 719-728. 
Paban, V., Soumireu-Mourat, B., & Alescio-Lautier, B. (2003). Behavioral effects 
of arginine< sup> 8</sup>-vasopressin in the Hebb–Williams maze. Behavioural brain 
research, 141(1), 1-9. 
Paxinos, G., & Watson, C. (2006). The rat brain in stereotaxic coordinates: hard 
cover edition. Academic press. 
Sams-Dodd, F., Lipska, B. K., & Weinberger, D. R. (1997). Neonatal lesions of 
the rat ventral hippocampus result in hyperlocomotion and deficits in social behaviour in 
adulthood. Psychopharmacology, 132(3), 303-310. 
Shahar-Gold, H., Gur, R., & Wagner, S. (2013). Rapid and Reversible 
43 
Impairments of Short-and Long-Term Social Recognition Memory Are Caused by Acute 
Isolation of Adult Rats via Distinct Mechanisms. PloS one, 8(5), e65085. 
Szot, P., Bale, T. L., & Dorsa, D. M. (1994). Distribution of messenger RNA for 
the vasopressin V1a receptor in the CNS of male and female rats.  Molecular brain 
research, 24(1), 1-10. 
Tribollet, E., Audigier, S., Dubois-Dauphin, M., & Dreifuss, J. J. (1990). Gonadal 
steroids regulate oxytocin receptors but not vasopressin receptors in the brain of male and 
female rats. An autoradiographical study. Brain research, 511(1), 129-140. 
Valentino, B., Peri, G., Lipari, L., Valentino, A., Cappello, F., & Lipari, E. F. 
(2010). Presence and interaction in tissues of atrial natriuretic peptide, oxytocin and 
vasopressin: new insights. Italian Journal of Anatomy and Embryology, 115(1/2), 159-
165. 
Van Tol, H. H., Bolwerk, E. L., Liu, B. I. N., & Burbach, J. P. H. (1988). Oxytocin 
and vasopressin gene expression in the hypothalamo-neurohypophyseal system of the rat 
during the estrous cycle, pregnancy, and lactation. Endocrinology, 122(3), 945-951. 
van Wimersma Greidanus, T. B., & Maigret, C. (1996). The role of limbic 
vasopressin and oxytocin in social recognition. Brain research, 713(1), 153-159. 
Veenema, A. H., Beiderbeck, D. I., Lukas, M., & Neumann, I. D. (2010). Distinct 
correlations of vasopressin release within the lateral septum and the bed nucleus of the 
stria terminalis with the display of intermale aggression. Hormones and behavior, 58(2), 
273-281. 
Veenema, A. H., Bredewold, R., & De Vries, G. J. (2012). Vasopressin regulates 
social recognition in juvenile and adult rats of both sexes, but in sex-and age-specific 
44 
ways. Hormones and behavior, 61(1), 50-56. 
Volkmar, F. R., & Cohen, D. J. (1991). Comorbid association of autism and 
schizophrenia. The American journal of psychiatry. 
Wacker, D. W., & Ludwig, M. (2012). Vasopressin, oxytocin, and social odor 
recognition. Hormones and behavior, 61(3), 259-265. 
Watters, J. J., Wilkinson, C. W., & Dorsa, D. M. (1996). Glucocorticoid regulation 
of vasopressin V1a receptors in rat forebrain. Molecular brain research, 38(2), 276-284. 
 
 
 
 
